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The purpose of this study was to investigate the effect of four
sterilization methods (Steam autoclave, Hydrogen peroxide
plasma, Ethylene oxide, and Gamma sterilization) on the sur-
face chemistry and in vitro bioactivity of polycrystalline pseu-
dowollastonite (psW). psW samples obtained by solid-state
reaction sintering were sterilized and soaked in Kokubo
et al.’s proposed simulated body ﬂuid (SBF) up to 30 days.
The sterilization procedure was found to result in no significant
chemical changes in the surface of the samples. On the other
hand, a Ca/P layer, of different thickness, identiﬁed as hydro-
xyapatite (HA) like, was developed on all the samples after
soaking, although the Ethylene oxide-sterilized samples present
a non-homogeneous and B68% thinner HA layer. The psW
samples before soaking were analyzed by X-ray diffraction, ra-
man spectroscopy, and scanning electron microscopy (SEM).
The interfacial reaction product was examined by SEM ﬁtted
with an energy-dispersive X-ray analyzer. Additionally, changes
in ionic concentrations at the psW/SBF interface were meas-
ured.
I. Introduction
SINCE the discovery of bioactive glasses by Hench et al.
1 in
1970, very active research work has been carried out to un-
derstand the mechanism and parameters that control bonding at
the interface of material-bone.2–5 Nowadays, it is generally ac-
cepted that the formation of an apatite layer on the surface of
bioactive materials is a necessary condition to ensure a direct
bone bonding.6–9
Bioceramics, including glasses and glass–ceramics, are cur-
rently used as implant materials, usually for bone substitu-
tion.10–13 Before clinical use, all the materials must be
sterilized. There are a number of sterilization treatments that
can be used, including gamma and laser irradiation, plasma
cleaning, steam sterilization, chemical treatment with ethylene
oxide, and some detergents.14–17
In spite of a wide application of bioceramics in dentistry and
surgery, surprisingly, there are only a few publications related to
the inﬂuence of the sterilization method used on the chemical
properties and bioactivity of bioceramics. For example, steam
sterilization has different effects on different calcium phos-
phates: CaHPO4  2H2O (DCPD), calcium-deﬁcient apatite
(CDA), and biphasic calcium phosphate (BCP). It has been re-
ported that steam sterilization results in dehydration of DCPD
and hydration of the calcium oxide incorporated into the BCP
but no significant changes were found to occur on CDA.18,19
The surface of pure stoichiometric hydroxyapatite (HA) was
found to remain unchanged after steam sterilization in an auto-
clave, but sterilization with gamma irradiation resulted in driv-
ing off the weakly bonded surface water and distortion of
surface phosphate complexes of HA.20 Steam sterilization of
dental gypsum at 1321 and 1211C was found to result in its par-
tial dehydration.21
Previous experiments showed that polycrystalline pseudowol-
lastonite (CaSiO3), namely psW in short, is bioactive in vitro
22–28
and in vivo.5,8,9 This ﬁnding is very significant, as it indicates that
psW can be physically and chemically integrated into the struc-
ture of living bone tissue, and therefore could be suitable for
repair or replacement of living bone. Because the psW is to be
inserted into the body, before clinical use in dentistry or surgery,
the psW must be sterilized. So, it appears to be both interesting
and important to study the inﬂuence of different sterilization
treatments on the chemical changes in the surface and in vitro
bioactivity of polycrystalline psW after the sterilization.
II. Materials and Methods
(1) psW Samples
The present study was carried out on samples of polycrystalline
psW, CaSiO3. The raw material was previously obtained by sol-
id-state reaction sintering, starting from an appropiate mixture
of calcium carbonate, CaCO3499.5 wt%, with an average par-
ticle size of 13.8 mm and a specific surface area of 0.2 m2/g from
Merck (Darmstadt, Germany), and high-purity HCl-washed
Belgian sand, SiO2499.6 wt%, with Fe2O3 content o30 ppm
and average particle size 460 mm.
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As a preliminary step, SiO2 was wet ground in a close cham-
ber laboratory attrition mill using high-purity 3 mm Y2O3-sta-
bilized Zr2O balls and isopropyl alcohol as suspension media.
The powder was then dried and sieved too100 mm. The average
particle size, measured by laser diffraction (Model LS 130,
Coulter Corp., Miami, FL), of the ﬁnal SiO2 used was 34.2
mm and the specific surface area, measured by a ﬁve-point BET
method (Model ASAP 2010, Micromeritics Instrument Corp.,
Norcross, GA), was 0.4 m2/g.
Next, the desired proportions of the constituents were
weighed out and a 50 wt% solids aqueous suspension was pre-
pared. To provide maximum chemical stability to the suspen-
sion, 0.8 wt% Dolapix CE 64 (alkali-free polyetectrolite,
Zschimmer & Schwarz, Lanstein, Germany) was added. To ob-
tain a homogeneous and high energetic milled batch, the mixture
was wet ground in a laboratory scale annular gap mill29 with the
same ZrO2 balls mentioned above as grinding media. The aver-
age particle size of the ﬁnal batch was 5.1 mm. After the milling
process, the mixture was dried and burned at 9501C for 2 h to
remove the CO2. Then, this powder was sieved too30 mm and
cold isostatically pressed at 200 MPa to produce green compacts.
These compacts were heat treated at 14001C for 6 h at a
heating and cooling rate of 51C/min. The reaction-sintering
temperature was selected bearing in mind the information pro-
vided by the SiO2–CaO phase equilibria diagram evaluated and
reported by Eriksson et al.30 The obtained material was ground
in a tungsten carbide ball mill and then cold isostatically pressed
and reheated again. This procedure was repeated once to obtain
an X-ray diffraction (XRD) pattern that showed the presence
of psW as the only present phase. The average particle size of
the obtained psW was 7.0 mm and the specific surface area was
1 m2/g.
The polycrystalline samples of psW for sterilization and
in vitro tests into simulated body ﬂuid (SBF) were then pre-
pared. Samples were uniaxially pressed at 200 MPa to a cylin-
drical shape in a die and sintered at a heating rate of 51C/min up
to 14001C for 2 h. The ﬁnal samples were cut from the bars
obtained, which were 5 mm in diameter and 2 mm in thickness.
The bulk density of the obtained psW cylinders, measured by
the Archimedes method, was 88%.
(2) Sterilization Methods and Procedure
(A) Steam Autoclave (EVS 425.2.M): Sealed bags with
the samples were sterilized in an autoclave according to the
standard procedure DIN 58946 used in medicine. A set of sam-
ples were sterilized at 1211C. Briefly, a single run of the steam
sterilization procedure in autoclave includes three stages: tem-
perature increasing up to 1211C for 15 min, with a simultaneous
pressure increase from 0 to 1.4 mbar, sterilization at 1211C for
15 min at a pressure of 1.4 mbar, followed by a fast (1–2 min)
temperature reduction to 251C. Thus, the total time of a single
run of the steam sterilization procedure is about 45 min.
(B) Hydrogen Peroxide Plasma (Sterrad): Plasma ster-
ilization treatment was carried out in a large-volume microwave
plasma (LMPt) reactor (SonoSite Inc., Bothell, WA). A set of
samples were sterilized by exposing to a 58% hydrogen peroxide
plasma for 15 min. The gas was introduced into the chamber at
an operating pressure of 500 MTorr, and plasma was excited
with 400 W of microwave power.
(C) Ethylene Oxide (Steri Vac EOE-M): The units
were sterilized by exposing to a 100% ethylene oxide atmos-
phere for 156 min at 551C and a gas concentration of 900 mg/L.
After sterilization, the samples are aerated with warm air ﬂow
(371C) at atmospheric pressure for 330 min to remove residual
ethylene oxide, and stored in indicator bags and sealed.
(D) Gamma Sterilization (Rhodotron TT200): Gamma
irradiation sterilization with a 60Co irradiator was performed
by Ionmed S.A. (Cuenca, Spain). Randomized samples were
packed and sealed in indicator bags and exposed to gamma ir-
radiation in three cycles at doses of 18.71, 19.17, and 18.86 kGy,
resulting in a dose of 56.34 kGy.
(3) In Vitro Test in SBF
For in vitro studies, in 1990, Kokubo et al.31 proposed the Tris-
buffered SBF No. 9 with an ion concentration nearly equal to
that of human blood plasma. As, unlike the Tris-buffer32 solu-
tion alone, SBF contains calcium and phosphorus ions, it can be
used to study the in vitro bioactivity of a wider variety of ma-
terials. Therefore, in vitro bioactivity tests of all the specimens
were carried out in polyethylene bottles by soaking the samples
at 371C in 100 mL of SBF. The immersion period of the pellets
in SBF was up to 30 days. This period was chosen based on the
results from previous in vitro experiments performed in the
SBF22,23 and in human parotid saliva.24,25,33
At periodic intervals, the pellets were removed from the ﬂuid
and were left to dry in air at room temperature.
(4) Sample Characterization
Surfaces of the samples were characterized before and
after the sterilization treatments. The crystalline structure
of the pellets was analyzed by XRD. XRD patterns were re-
corded on a Bruker-Siemens D5000 automated diffracto-
meter (Bruker AXS GmbH, Karlsruhe, Germany) using
CuKa1,2 radiation (1.5418 A˚) and a secondary curved graphite
monochromator. Data were collected in the Bragg–Brentano (y/
2y) vertical geometry (ﬂat reﬂection mode) between 101 and 601
(2y) in 0.051 steps, counting for 1.5 s/step. Samples were rotated
at 30 rpm during acquisition of patterns in order to improve
averaging. The diffractometer optic was a system of primary
Soller foils between the X-ray tube and the ﬁxed aperture slit.
One scattered radiation slit of 1 mmwas placed after the sample,
followed by a system of secondary Soller slits and a detector slit
of 0.1 mm. The X-ray tube was operated at 40 kV at 30 mA.
Raman spectroscopy in the range of 100–1200 cm1 was also
performed.
Additionally, the microstructure of the samples was studied
by scanning electron microscopy (SEM) using a Hitachi S-
3500N (Ibaraki, Japan), ﬁtted with X-ray energy-dispersive
spectrometry (EDX). The sample surfaces, before and after
exposure to the SBF, and the cross sections, after exposure to
the SBF, were examined at 15 keV by SEM. The cross sections
were previously polished to a 1 mm ﬁnish, using a diamond
paste, gently cleaned, in an ultrasonic bath, and carbon coated
for SEM examination and microanalysis. Ca, Si, and P EDX
elemental maps of the cross sections were collected. The thick-
ness of the precipitated ﬁlm formed on the sample surfaces was
evaluated from the SEM micrographs of the individual cross
sections soaked for different time periods into SBF. Additional
changes in the ionic concentration of the SBF using inductively
couple plasma atomic emission spectroscopy (ICP-AES) were
determined.
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Fig. 1. Raman spectra of the (A) Control sample (non-sterilized), (B)
Steam autoclave-, (C) Sterrad-, (D) EtO-, and (E) Gamma-sterilized
samples (all the peaks correspond to pseudowollastonite).
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III. Results
The results obtained with Raman spectroscopy on the samples
before and after sterilization are shown in Fig. 1. These results
demonstrate that no significant chemical changes occur when
the samples are sterilized.
XRD analyses of the pellets are shown in Fig. 2. Like the
results of Raman measurements, no differences before and after
sterilization were observed for all the samples investigated. All
the diffracted peaks can be unequivocally identiﬁed as psW.
Thus, the experimental results using XRD appear to be in per-
fect agreement with those using Raman spectroscopy.
Figure 3(A) shows the polished surface of the psW control
sample (non-sterilized) where no significant microstructure fea-
tures can be observed except round and closed pores of average
size 1.8 mm. Figure 3(B) shows the same psW sample surface
after 5 s of chemical etching with diluted acetic acid. As can be
seen, the sample is composed of elongated grains with an aver-
age grain size of about 11.3 mm. Figure 3(C) shows the micro-
structure of the polished and nonetched surface of the Sterrad
method-sterilized psW sample as a representative of all the sam-
ples studied. The picture is similar to that of the control sample
(Fig. 3(A)) presenting a smooth surface with some pores.
SEM micrographs of the psW control and the sterilized sam-
ples after 1 and 30 days of soaking are shown in Fig. 4. Steam,
Sterrad, and Gamma samples present behavior similar to the
psW control. After 1 day of immersion, the material surface was
covered by a layer of small globular particles smaller than 3.5
mm in diameter, some of which reached a size of 4.5 mm after 7
days of soaking. After 30 days (Fig. 4(B)), the layer covered the
entire surface completely and the globular particles reached a
size 3–5 mm in diameter.
SEM micrographs of Ethylene oxide-sterilized samples,
namely EtO in short, after 1 and 30 days of soaking in SBF,
are also shown in Fig. 4. The behavior detected was similar to
that mentioned previously, although a difference should be
pointed out. After a soaking time of 1 day, isolated aggregates
of globular particles were detected partially covering the surface.
EDX analysis (Fig. 5(A)) showed that these spherical particles
are constituted by calcium and phosphorus. In the zones where
the aggregates are not present, the background of the sample,
EDX conﬁrmed the presence of calcium and silica (Fig. 5(B)).
This feature did not change further and the surface was not fully
covered by the spherical particles after 30 days of immersion.
After 30 days, the globular particles reached a size between 2.5
and 3 mm in diameter.
Changes in the elemental ionic concentrations of the SBF af-
ter 30 days of immersion are shown in Table I. The composition
of the original SBF solution is also reported for comparison. It
was found that calcium and silicon ion concentrations in SBF
increased slightly over the exposure time, indicating partial
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Fig. 2. X-ray diffraction of the (A) Control sample (non-sterilized), (B)
Steam autoclave-, (C) Sterrad-, (D) EtO-, and (E) Gamma-sterilized
samples (all the peaks correspond to pseudowollastonite).
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Fig. 4. Scanning electron microscopy images of the sample surfaces.
Control sample (non-sterilized) and Steam autoclave-, Sterrad-, EtO-,
and Gamma-sterilized samples after immersion into simulated body ﬂu-
id or (A) 1 day, and (B) 30 days.
Fig. 3. Scanning electron microscopy micrographs of the pseudowollastonite surface before simulated body ﬂuid immersion. (A) Control sample (non-
sterilized), (B) Chemically etched control sample, and (C) Sterrad autoclave-sterilized sample.
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dissolution of the psW. On the other hand, phosphorus ion
concentration decreased more significantly because of the pre-
cipitation of a Ca–P phase on the surfaces of the psW samples.
Although the formation of the Ca–P phase consumed some cal-
cium ions, the calcium ion dissolutions from the psW pellets
were more than those consumed. It is remarkable that the
minor consumption in phosphorus ions corresponds to the
EtO-sterilized samples. This is in agreement with the observed
EtO sample surface by SEM after 30 days of immersion (Fig. 4
EtO-D), where the EtO samples do not present the surface fully
covered by the globular particles.
Figure 6 shows the relationship between the soaking time
and the thickness of the Ca/P layer developed on the surface
of the ceramic substrate. In the control sample (nonsterilized),
a significant thickness of Ca/P layer was formed, reaching a
total thickness of B19.3 mm (70.5 mm) after 30 days. The
formation rate gradually slowed from B2.5 mm/day, after
7 days of soaking, to 0.8 mm/day, after prolonged soaking
(fourth week of soaking). That is to say, the measurements
reveal that the Ca/P layer formation kinetic depends directly
on the square root of the soaking time. In the Sterrrad-, Stem-,
and Gamma-sterilized samples, the morphology of the surface
product was the same, although the reaction rate and the thick-
ness of the layer after 30 days were slightly smaller. In Sterrad-
sterilized samples, the total ﬁnal thickness of the Ca/P layer after
30 days of soaking was 19 mm (71 mm), 18.1 mm (70.6 mm) in
Stem-sterilized samples, and 17.2 mm (70.9 mm) for Gamma
method. The main difference was in the EtO-sterilized samples.
Here, it is worth pointing out that the layer detected in the EtO-
sterilized samples was not of a uniform structure and density
throughout the sample. In the areas in which the layer was
present, a very low layer formation rate of about 1 mm/day, up
to 9.1 mm (70.9 mm), after 7 days of soaking, was detected. The
layer reached a total thickness of 13.2 mm (70.9 mm) within
these zones.
Figure 7 shows a representative microstructure of the pol-
ished cross section of a Sterrad method-sterilized sample after
been soaked in SBF for 30 days as a representative of all the
samples studied, and its relevant silicon, calcium, and phospho-
rus EDXmaps. This compositional microcharacterization of the
interface showed that the reaction zone was composed of two
chemically dissimilar layers formed on the material surface. The
outer layer indicated a well-textured Ca/P-rich phase of 19 mm
(71 mm) average thickness, while the underlayer in direct con-
tact with the psW substrate was rich in silicon. The cracks visible
in the picture are an artifact caused by the mandatory drying of
the sample for its SEM observation.
IV. Discussion
The overall results suggest that the mechanism of HA-like phase
formation on sterilized psW ceramics in the SBF is in agreement
with the mechanisms reported by Hench and Wilson,2 Kokuko
et al.,34 Kokuko,35 Ohtsuki et al.,4 and De Aza et al.33 This
mechanism can be explained in terms of a chemical reaction
taking place between the ceramic material and the solution.
When the ceramic comes in contact with the SBF, a partial dis-
solution occurs, producing an ionic exchange of Ca21 for 2H1
within the material network, leading to the formation of silanol
groups on the surface of the ceramic material. Later, there is a
partial dissolution of amorphous silica as SiO3
2. This fact en-
hances the formation of crystallization nuclei for the HA phase,
which can be formed from the high concentration of Ca21 and
HPO4
2 present in the media. In summary, a chemical reaction
Fig. 5. Energy-dispersive spectrometry of the EtO-sterilized sample af-
ter 1 day of immersion in simulated body ﬂuid (A) globular particle, (B)
zone where the particles aggregates are not present (sample back-
ground).
Table I. Concentration of Ca21, Si41, and HPO4
2, in SBF
Before and After Immersion for 30 Days of the Control Sample
(Non-Sterilized) and Steam Autoclave-, Sterrad-, EtO-, and
Gamma-Sterilized Samples
mg/L Ca21 Si41 HPO4
2
SBF control solution 100.15 — 96
Control pellet 105.24 9.84 65.94
Sterrad 103.23 8.92 67.24
Steam autoclave 106.34 9.73 75.34
Gamma 102.57 9.94 72.94
EtO 103.47 7.94 87.32
SBF, simulated body ﬂuid; EtO, ethylene oxide.
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Fig. 6. Ca/P-layer thickness change as a function of soaking time sim-
ulated body ﬂuid: control sample (non-sterilized) and Steam autoclave-,
Sterrad-, EtO-, and Gamma-sterilized samples.
Fig. 7. Scanning electron microscopy image of the cross section of the Sterrad-sterilized sample after 30 days of immersion in simulated body ﬂuid and
Si, Ca, P EDX elemental maps.
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takes place between the ceramic and the SBF with the formation
of the HA phase.
It is remarkable that the aspect of all sterilized ceramic sur-
faces after 30 days of soaking is comparable with that shown by
other silica-based materials. Generally, the HA-like formation
occurs in two stages: a previous formation of globular particles,
followed by the apparition of aggregates, which, after 10–15
days of soaking, are indistinguishable.2,4,6,28,33,34
The comparison of the results obtained for all sterilized ma-
terials points to a disperse nucleation of an HA phase on the
EtO sample. Globular aggregates can be detected from the ﬁrst
week of soaking and are heterogeneously distributed over the
EtO sample surface. Instead, samples obtained by the other
sterilized methods seem to nucleate homogeneously so that
the observed layer is formed from a larger number of crystalli-
zation nuclei homogeneously distributed as the ﬁrst week of
immersion. The individual growth of these leads to the layer
formation.
The reaction rate and the thickness of the Ca/P layer formed
on the sample surface correspond well with the reported data for
various reference materials, such as glass–ceramics A–W and a
glass–ceramic with the nominal composition of 32.8 wt% SiO2,
54.5 wt% CaO, 6.0 wt% MgO, 6.1 wt% P2O5, and 0.6 wt%
CaF2, as reported by Kokubo
35 and Liu,36 respectively. As men-
tioned before, the main difference was observed in the EtO-ster-
ilized samples, where the formed layer was not of uniform
structure. In the areas in which the layer was detected, a low lay-
er formation rate of about 1 mm/day was measured. After 7 days
of soaking, the layer reached 9.170.9 mm attaining, in these ar-
eas, a total thickness of 13.2 mm (70.9 mm). This means that in
the EtO-sterilized samples, the total Ca/P layer formed, after 30
days of immersion, was non-homogeneous throughout the sam-
ple and in the areas in which the layer was present, it was about
68% thinner than in the nonsterilized samples. This is in close
agreement with the previously mentioned results obtained by
SEM during the surface studies (Fig. 4, EtO-B) where the EtO-
sterilized samples do not present, after 30 days of immersion, the
surface fully covered by the Ca/P globular particles. On the other
hand, the ICP–AES results of phosphorus ion concentration in
SBF (Table I) show that the minor depletion in P corresponds to
the EtO-sterilized samples. One of the reasons for this difference,
in the EtO-sterilized samples, is due to some residual ethylene gas
that is possibly present on the surface of the material after ster-
ilization.37–40 As it was reported elsewhere,37–40 there are prob-
lems with the toxicity and carcinogenicity of the residual ethylene
gas in materials. So, the residual ethylene gas should also affect
the nucleation and crystal growth of HA.
It is expected that the process of the new Ca–P/layer forma-
tion at the surface of the sterilized ceramics would continue for
as long as the ion exchange mechanism between the materials
and the SBF takes place. It is expected that the process will come
to an end when the supply of P ions from the SBF terminates,
or when the diffusion of the ions across the interface is stopped
due to the thickness of the new Ca–P/layer reaching a critical
value.
V. Conclusions
The inﬂuence of four sterilization methods (Steam autoclave,
Hydrogen peroxide plasma, Ethylene oxide, and Gamma ster-
ilization) on the surface chemistry and the in vitro bioactivity of
polycrystalline psW ceramics was investigated.
Because Raman spectroscopy and XRD results appeared ba-
sically similar, it has been shown that there was no significant
modiﬁcation of the psW crystalline structure on the surface of
the samples by the four sterilization methods used.
SEM observation, after the SBF soaking, showed essentially
identical surface morphology regardless of the sterilization by
Ethylene oxide, where the HA layer does not fully cover the
surface of the samples after 30 days of immersion. One of the
reasons for this difference is due to some residual ethylene gas
that is possibly present on the surface of the EtO-sterilized sam-
ples after sterilization. This residual ethylene gas should affect
the nucleation and crystal growth of HA.
The sterilization procedures used lead to an adequate bioac-
tivity, with the formation of an HA-like layer on the surface of
all the samples, although the EtO-sterilized samples present an
B68% thinner and non-homogeneous HA-like deposition
throughout the samples.
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